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Hemodialysis is a process of external blood filtration that becomes necessary in the event
of end stage renal disease. The most common method of the treatment is the creation of
an arteriovenous fistula, which is a surgically created connection between a vein and an
artery. For patients who are unable to have an arteriovenous fistula, an arteriovenous graft
is required. This graft serves to provide an access site for the removal on unfiltered blood
and the return of filtered blood. The design and placement of this graft has not yet been
optimized based upon mechanical principles. The aim of this thesis is to evaluate how
factors that a surgeon can adjust affect several key parameters that lead to arteriovenous
graft failure.
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Symbols
m mass
an Fourier curve fit parameter
bn Fourier curve fit parameter
Dh Hydraulic diameter, m
t time, s
u velocity, m/s
ρ fluid density
µ dynamic viscosity
Re Reynolds number
r radius m
α Wormersley number
ω heart rate, 1/s
λ relaxation time
n power index
γ˙ strain rate 1/s
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Abbreviations
AVG Arteriovenous Graft
CFD Computational Fluid Dynamics
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Glossary
Anastomosis A connection made surgically between adjacent blood vessels, parts of the
intestine, or other channels of the body, or the operation in which this is constructed
Cannulation A technique in which a tube is placed inside a vein to provide venous access
Patency The condition of being open, expanded, or unobstructed
PTFE Polytetrafluoroethylene, a commonly used arteriovenous graft material
Stenosis The abnormal narrowing of a passage in the body
Thrombus A blood clot formed in situ within the vascular system of the body and imped-
ing blood flow.
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Preface
In patents undergoing hemodialysis arteriovenous grafts (AVGs) are often a necessary option,
however these grafts fail as often as 30% of the time within the first 12 months [23], and as
many as 70% of grafts have complications due to stenosis [18] There in a crucial need for
improvement of AVG patency and longevity.
Arteriovenous graft failures can largely be attributed to improper blood flow distribution
and thrombus formation [12] [10]. Minimizing the occurrence of these factors requires an
understanding of the fluid dynamics of blood in the arteriovenous graft system. It is difficult
and costly to fully conceptualize blood flow dynamics through in-vivo research. Current
technology does not provide a sufficiently robust model of flow dynamics in blood vessels to
truly assess complex fluid dynamic problems. The use of Computational Fluid Dynamics
(CFD) simulations can greatly elucidate the fluid dynamics of human vasculature and provide
insight on the role fluid flow plays in arteriovenous graft failure.
In this study a CFD model has been created using the software package ANSYS Fluent
analyze the blood flow in arteriovenous grafts. Various, common graft configuration were
constructed and simulated with accurate in-vivo blood flow parameters. Mass flow, wall shear
stress, and shear rate were recorded for each AVG configuration to evaluate the impact of
graft placement in factors that can lead to arteriovenous graft failure.
xi
Chapter 1
Background
Gradual loss of kidney function eventually leads to End Stage Renal Disease (ESRD). The
kidneys are no longer able to filter out excess waste and fluid from the body, which leads
to dangerous levels of waste, electrolytes, and fluids in the body [19]. The current standard
of treatment of ESRD is hemodialysis, blood is removed from the arterial system and is
externally filtered using a dialyzer; the blood is then reintroduced to the venous system. In
order to remove blood from the arterial system an access site is created through use of an
arteriovenous graft or an arteriovenous fistula. An arteriovenous graft is a bridge between an
artery and a vein made of synthetic or biological material, commonly PTFE is the material
used for the graft [2]. An arteriovenous fistula is a direct connection between an artery and
vein without the use of a bridge. Arteriovenous fistulas are the first choice of treatment
because they antogenons and have lower morbidity rates than arteriovenous grafts [2], but
sometimes an arteriovenous graft is required. If there is a of lack of suitable vessels or
late referral for vascular access and the need for immediate cannulation with avoidance of a
central venous catheter, an arteriovenous graft must be used [2].
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1.1 Anatomy and Physiology
1.1.1 Overview
Arteriovenous grafts usually connect a. artery to a vein in the arm of the patient. There
are two common configurations of the grafts: straight and looped. This study focuses on
straight arteriovenous grafts. The placement for a straight graft is shown in figure 1.1
Figure 1.1: Straight configuration of an arteriovenous graft showing two commonly used
veins and arteries.
1.1.2 Arteries
The arteries commonly used in arteriovenous grafting are the brachial and radial artery [2].
Brachial arteries range in diameter from 3mm to 5mm [5], and the maximum blood flow
velocity ranges from 60 cm/s to 100 cm/s [17] [5]. Radial artery diameters can range from
2mm to 3mm [4], and the blood flow velocity is around 40cm/s during its peak [14].
1.1.3 Veins
The veins commonly considered for arteriovenous grafting are the axillary vein and the basilic
vein [2]. The axillary vein diameter ranges from 6mm to 10mm [31] and has a blood flow
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velocity of around. The bascilic vein has a diameter ranging between 4mm and 8mm [6] and
has a average blood flow velocity of about 20 cm/s [27].
1.2 Arteriovenous Grafts
The general structure of an arteriovenous graft is a tapered tube of roughly 8-10cm with end
diameters of 3-4mm and 6-8mm. The smaller diameter end is sutured to the artery in use,
the larger diameter end is clipped diagonally to create a hood region and attached to the
vein in use. A schematic of the hood region is shown in figure 1.2 [21]
Figure 1.2: Venous anastomosis demonstrating the hooded nature of an arteriovenous graft
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1.2.1 Arteriovenous Graft Failure
The main causes for arteriovenous graft failure are inadequate distribution of blood flow [12],
thrombosis [10], and high levels of shear stress at the graft vessel connection [30].
If the mass flow is distributed so that the arteriovenous graft does not receive enough blood,
the graft will have a high chance of failure within a few months. Conversely, if the graft
receives too much blood a phenomenon called steal syndrome is observed. Steal syndrome is
when not enough blood goes to the distal artery, thus depriving the lower arm and extremities
of vital nutrients which can lead to pain, paresthesia, or gangrene [24]. Studies have shown
that less than 40-50% of blood flow to the arteriovenous graft greatly increases the risk of
failure [28], and flow to the graft of greater than 70% leads to steal syndrome. [26].
Thrombus formation is one of the main causes of graft failure and complications. Platelet
play an integral role in the development of thrombi though platelet adhesion, aggregation,
and cohesion [13]. High shear environments lead to greatly increased thrombus formation
due specifically to increased platelet adhesion and aggregation. High shear stress on the
vessel walls as well and high shear rates within the blood both lead to increased thrombus
formation due to platelets [34] [13] [38]. In addition high levels of shear stress at the graft
vessel connection can induce and exacerbate intimal hyperplasia [30]. Intimal hyperplasia,
which is the thickening of the tunica intima of a blood vessel, eventually leads to stenosis
and requires surgical intervention to salvage the blood vessel [32].
Failed arteriovenous grafts lead to increased patient morbidity and associated medical costs.
It is the goal of this study to understand if and how these failure risks depend on the
placement of an arteriovenous graft in the hope that these risk factors can be reduced with
more optimal configuration of the AVG.
1.3 Fundamental Biofluid Dynamics
To gain an initial understanding of the problem it is beneficial to estimate the range of the
Reynolds number. Equation 1.1 is the Reynolds number for pipe flow, which is what is
being simulated in this study. The Reynolds number will give an idea of if the fluid will
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be laminar, transitional, or turbulent. If the Reynolds number is 2000 or less the flow is
considered laminar, a Reynolds number between 2000 and 4000 is transitional flow, and a
Reynolds number greater the 4000 is turbulent [37]. In equation 1.1 ρ is the fluid density, u is
the fluid velocity, DH is the hydraulic diameter which for circular pipes is just the diameter,
and µ is the dynamic viscosity.
Re =
ρuDH
µ
(1.1)
The Navier-Stokes in three dimensions was solved using the finite volume method.
∂
∂t
(ρui) +
∂
∂xj
(ρuiuj + pδij − τji) = 0 (1.2)
In this equation τji is the stress tensor which is as follows
τij = µeff (γ˙)
(
∂ui
∂xj
+
∂uj
∂xi
)
(1.3)
1.3.1 Pulsatile Flow
When analyzing the fluid dynamics of the vascular system it is necessary to take into account
the pulsatile nature of blood flow. For an incompressible fluid in a tube, simple pulsatile
flow can be represented by:
ρ
∂u
∂t
= −∂p
∂x
+ µ
(
∂2u
∂r2
+
1
r
∂u
∂r
)
(1.4)
where ρ is the fluid density, µ is the viscosity, p is the pressure, and r is the radius from the
center of the artery.
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Further complexities of pulsatile flow can be modeled; a commonly used parameter to define
the velocity profile is the Wormersley number [22]. The Wormersley number is a ratio of the
inertial forces to viscous forces that is adjusted for pulsatile flow, which is as follows:
α = R
(
ωρ
µ
)1/2
. (1.5)
In this equation ω to the heart rate in radians per second, ρ is the fluid density, d is the
diameter of the artery, and µ is the fluid viscosity. If α < 2, viscous forces dominate the flow;
the pulse is considered quasi-static and the velocity profile is relatively parabolic. If α > 2,
the inertial forces are dominant and the velocity profile is more complex. In peripheral veins
and arteries the Wormersley number is between 2 and 3.
1.3.2 Non-Newtonian Nature of Blood
Blood behaves as a non-Newtonian pseudo-plastic, and is best modeled in oscillatory flow
by the Bird-Carreau model [16] [33]. The Bird-Carreau model represents the viscosity µeff
as a nonlinear function of shear rate. The dependence is as follows
µeff (γ˙) = µinf + (µ0 − µinf)
(
1 + (λγ˙)2
)n−1
2 (1.6)
γ˙ is the shear rate
γ˙ij =
∂ui
∂xj
+
∂uj
∂xi
(1.7)
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Chapter 2
Geometry and Mesh Generation
2.1 Geometry
The geometry was created using ANSYS DesignModeler; the specific layout was created to
best model the placement of a straight arteriovenous graft connecting an artery to a vein.
Figure 2.1 shows the geometry and depicts the artery inlet and outlet, the vein inlet and
outlet. To analyze the spectrum of possible configurations the diameter of the artery was
simulated at 3mm, 4mm, and 5mm. The diameter of the vein was simulated at 6mm, 8mm,
and 10mm. Each arterial diameter was analyzed with each venous diameter for a total of
nine different combinations.
The dimensions for the geometry were motivated by estimations of physiological dimensions
of arteries and veins. The diameters of the brachial and radial arteries both fit within the
range of 3mm to 5mm, and the diameters of the axillary and basilic veins both fit in the
range of 6mm to 10mm. The length of the AVG was 150mm pm 2mm depending on the angle
of attachment at the artery. The diameter of the arterial attachment of the AVG was 4mm
for the 4mm and 5mm diameter artery geometries, and 3mm for the 3mm diameter artery
geometries. The venous attachment of the arteriovenous graft was slanted to create a toe
region, as shown in figure 2.2. The graft attachment to the vein created an elleptical plane
of attachment with a semiminor axis length of 7mm and a semimajor axis length of 8.5mm.
In the case of the 6mm diameter vein the semiminor axis was 6mm and the semimajor axis
was 7.5mm.
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Figure 2.1: Geometry of the artery, vein, and arteriovenous graft: 4mm diameter artery,
8mm diameter vein, 90 degree angle of attachment
The angle of attachment of the arteriovenous graft to the artery was varied to examine the
effects of arterial attachment. The angle of attachment, shown in figure 2.3, is measured
from the direction of blood flow in the artery. The angles simulated were 30, 60, 90, 120,
and 150 degrees from the direction of flow.
2.2 Mesh
Meshing for this geometry was done in the ANSYS Fluent Meshing software. Due to the large
amount of curvature in the model, the size function chosen for meshing was the curvature.
The curvature size function in the Fluent Meshing software examines the curvature on the
edges and faces of the geometry and ensure that the meshing does not violate the maximum
allowed element size or the curvature normal angle. In the curvature size function there are
8
Figure 2.2: Graft attachment to the vein with a hood region
three controls to further refine the mesh: the relevance center, the span angle center and
the transition. Relevance center sets the relevance of the meshing which defines how fine
the mesh will be. In this simulation the relevance was set to an intermediate value that was
optimized for convergence. The span angle center, which sets the goal for the amount of
elements on a curved surface, was also in this optimized range. The transition mesh control
affects the rate at which adjacent mesh elements will grow, and was set to provide a smooth
transition. [3]
The goal of this meshing regime was foremost to create an adequately fine mesh to resolve
the physics of the model in a way that reached numerical convergence, but not a mesh that
was unnecessarily complex and would drastically slow computational time. The secondary
goal of this meshing scheme was to define a reproducible mesh as to standardize the number
of elements and mesh quality for all forty-five different AVG configurations.
The number of elements for each simulation ranged between 110,000 and 150,000 elements.
All the elements were tetrahedral. A sample mesh for a 4mm artery diameter, 8mm vein
diameter, and 90 degree graft attachment is shown in figure 2.4 and figure 2.5
9
Figure 2.3: Angle of attachment to the artery, measured from the direction of blood flow
Figure 2.4: The meshing solid section of the geometry.
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Figure 2.5: The meshing of the fluid section of the geometry.
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Chapter 3
Methods
3.1 Physical Setup
This study utilized a CFD pressure based, transient simulation to accurately model the
pulsatile flow of blood in an arteriovenous system with a graft in place.
3.1.1 Model
This simulation utilized a viscous laminar model. Preliminary estimations of the Reynolds
number in the simulation 1.1 predicted a maximum value of 1330 which is within the laminar
range. This estimation was calculated using a maximum velocity of .8m/s, arterial diameter
of 5mm, blood density of 1060 kg/m3, and blood dynamic viscosity of .0035Pa∗ s. This was
just a preliminary estimate, but it gave good reason to use the viscous laminar model.
3.1.2 Material Properties
The material model for blood was the Bird-Carreau model (equation 1.6). The density and
values used in the Bird-Carreau are presented in table 3.1
12
Table 3.1: Material Properties of Blood [25]
Density (kg/m3) 1060
Viscosity at zero shear rate µ0 (Pa ∗ s) .0056
Viscosity at infinite shear rate µinf (Pa ∗ s) .0035
Relaxation time λ (s) 3.313
Power Index n 0.3568
3.1.3 Boundary Conditions
Boundary conditions were created at the arterial inlet and outlet and the vascular inlet and
outlet as shown in figure 3.1.
The fluent user guide recommends using velocity functions as inlet conditions for incom-
pressible flow[3].
Inlet Boundary Conditions
The inlet condition for the artery was modeled from velocity wave forms measured in the
radial and brachial arteries [5] [14]. Gaussian wave fitting was used to best recreate the wave
form, this process is in utilized other studies attempting to fit arterial velocity wave forms
[9]. The Gaussian fit wave form was converted to a Fourier series as this was found to work
better with the ANSYS Fluent user defined functions environment.
f(t) = a0 +
∞∑
n=1
an cos (ωnt) +
∞∑
n=1
bn sin (ωnt) (3.1)
Equation 3.1 shows the function for a Fourier Series where an and bn are the curve fit
parameters, t is the simulation time. ω is the function frequency, adjusting this allows
effective control of simulated heart rate. The Fourier series fitting was done in MATLAB
(Mathworks, Inc) and created eight terms. The coefficients and frequency can be found in
Appendix A. Figure 3.2 shows the resulting function that was used as the arterial inlet
velocity.
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Figure 3.1: Schematic of the inlet and outlets of the artery and vein
The venous system does not experience significant pulsatile flow [11]. For the vein inlet
condition a constant velocity of 15cm/s was used. This is representative of the flow in the
axillary and basilic veins [27]
Outlet Boundary Conditions
Outlet boundary conditions create an interesting problem for vascular flow. The Fluent User
Guide recommends using pressure outlet conditions for pipe flow [3], but this fails to account
for the downstream effects that are present in the circulatory system. Many studies utilize
the outflow boundary condition when simulating vascular systems [36] [35]
The inflow was distributed so that 90% was sent to the graft and 10% of the flow was sent to
the distal artery. This is in accordance with National Kidney Foundation KDOQI Clinical
Practices [29].
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Figure 3.2: Function of the arterial inlet velocity
In the vein the outflow boundary condition further distributed the flow from the graft so
that 85% of the inflow went to the proximal vein and 15% of the inflow went to the distal
vein.
3.2 Solution Setup
3.2.1 Solution Methods
The solver chosen for this simulation was the ANSYS Fluent CFD solver. ANSYS Fluent
is a powerful and accurate tool for solving fluid dynamic simulations, especially for internal
flow systems with low Reynolds number. The SIMPLE pressure-velocity coupling method
was used with second order spatial discretization and first order transient discretization.
The PISO pressure-velocity coupling method with second order spatial discretization and
15
Figure 3.3: Zone plane created at the AVG inlet
transient discretization was used without noticeable difference in results but increased com-
putation time. The fluid dynamics of the simulation were not incredibly complex and the
time step was small, so the SIMPLE pressure-velocity coupling method with second order
spatial discretization and first order transient discretization was sufficient.
3.2.2 Reports
Output reports were created to analyze arterial mass flow, AVG mass flow, wall shear stress,
and shear rate. The arterial mass flow was measured at the arterial inlet, and the AVG
mass flow was measured at a user defined plane created at the attachment of the AVG to
the arterial wall. This plane can be seen in figure 3.3
The wall shear stress was measured at every time step for each cell of the system in the solid
domain; this included the artery, vein, and arteriovenous graft. The shear rate was measured
at every time step for each cell of the system in the fluid domain, which was the blood.
3.2.3 Initialization and Calculation
Initialization of the simulation was done through hybrid initialization. The Fluent hybrid ini-
tialization functions by solving Laplace’s equation (equation 3.2) with appropriate boundary
conditions to estimate a velocity field [3]
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∇2ϕ = 0 (3.2)
In Laplace’s equation ϕ is the potential which is defined in equation 3.3
~V = ∇ϕ (3.3)
Boundary conditions used in hybrid initialization are those of the walls, inlets, and outlets
of the system. The constraints for these boundary conditions during hybrid initialization are
shown in equations 3.4
∂ϕ
∂n
∣∣∣∣∣
Wall
= 0 (3.4)
∂ϕ
∂n
∣∣∣∣∣
Inlet
= V⊥ (3.5)
ϕOutIet = 0 (3.6)
For the transient calculation a time step of .01 s was utilized with 100 time steps. The
configuration was chosen in order to simulate one pulse with high accuracy. The maximum
iterations per time step allowed was set to 200 as this was found to be sufficient to reach
the convergence criteria on each time step. The convergence criteria for the continuity, x-
velocity, y-velocity, and z-velocity were all set at an absolute tolerance of .001. The scaled
residuals of the transient simulation are shown in figure 3.4.
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Figure 3.4: The scaled residuals of the transient simulation
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Chapter 4
Results
4.1 Mesh Independence Study
A mesh independence study was performed to ensure a fine enough mesh was utilized so
that the solution converged to one that was independent of mesh size. The mass imbalance
of the transient simulation was measured with mesh the amount of mesh elements ranging
from 13,000 elements to 260,000 elements. The amount of elements was capped at 512,000
as this study used an academic license of ANSYS Fluent. The mesh independence study
showed that beyond about 100,000 elements the solution was independent of mesh size, as
shown in figure 4.1.
4.2 Transient Results
The main goal of this CFD study was to assess the dependence of factors that lead to AVG
failure on the placement of the AVG. The mass flow ratio was measured and these values of
these variables are presented in a heat map format to best compare the forty-five different
simulations. The y-axis of the heat maps is the angle of attachment increasing from 30
degrees to 150 degrees. The x-axis is the diameter of the artery and the diameter of the
vein; the labeling is structured with the first numerical value as the arterial diameter and the
second numerical value as the venous diameter. The x-axis is organized in order of increasing
ratio of artery diameter to vin diameter. The AVG configuration to 3mm artery diameter and
10mm vein diameter is in the first bin on the x-axis as this is the largest discrepancy between
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Figure 4.1: Mass imbalance as a function of mesh elements in the simulation
diameters, and the AVG configuration of 5mm artery diameter and 6mm vein diameter is in
the last bin on the x-axis as this is the smallest discrepancy between diameters. Once the
mass flow ratio data was analyzed, a suitable range was determined using reference values
from the National Kidney Foundation [29]. Within this range the wall shear stress and blood
shear rate were anaylzed.
4.2.1 Mass Flow
The transient simulation recorded the mass flow into the arterial inlet as well as the mass flow
into the arteriovenous graft at the location it is attached to the artery. For each configuration
the arterial mass flow was compared to the arteriovenous graft mass flow. An an example
of the mass flow for the artery and the AVG can be seen in figure 4.2. The total mass
flow across these boundaries was summed and presented as a fraction. Figure 4.3 is a heat
map of the mass flow ratio for each of the forty five AVG configurations. From this data
the following artery vein diameter pairs give a mass flow ration within the range of 40% to
20
70%; 3mm to 6mm, 4mm to 8mm, 5mm to 10mm, 5mm to 8mm, and 4mm to 6mm. These
configurations were used to further study the wall shear stress and blood shear rate.
Figure 4.2: A sample plot of mass flow through the arterial inlet and AVG inlet as a function
of time
4.2.2 Wall Shear Stress
Wall shear stresses cause a multitude of problems in AVGs, most notably platelet activation
which leads to the development of thrombi [13]. In his work James Hathcock has shown that
platelet activation and adhesion occurs at around 10 Pa. To best analyze the shear stress
in the system this study recorded amount of surface area that was above the threshold level
of 10 Pa. A transient study was performed to show the precent of surface area above the
threshold shear stress during the blood pulse. Figure 4.4 shows this data in the form of five
plots; one for each diameter pair. Within each plot the percent of surface area above the
threshold for each angle of attachment is shown.
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Figure 4.3: A heat map of the mass flow ratio in each AVG configuration
4.2.3 Shear Rate
High levels of shear rate within the blood has been shown to increase the instances of
platelet micro thrombi formation. Around 1000-2000 1/s of shear rate this development of
micro thrombi becomes significant [34]. For the analysis of blood shear rate this study took
a similar approach as the wall shear stress. A threshold rate of 2000 1/s was chosen and the
percent of blood that surpassed this threshold was measured for each configuration. These
results can be seen in 4.5
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Figure 4.4: Percent of the wall surface area above 10 Pa of shear stress for each diameter
pair and each angle of attachment
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Figure 4.5: Percent of the blood above 2000 1/s of shear rate for each diameter pair and
each angle of attachment
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Chapter 5
Discussion
5.1 Mass Flow
The mass distribution in the arteriovenous graft system showed a clear dependence on blood
vessel diameter ratio, and virtually no dependence on angle of attachment to the artery.
As mentioned in the background section of this study, improper mass distribution can lead
to graft failure and steal syndrome. Both complications are incredibly detrimental to the
patient. Based on current literature on the topic the suggested mass distribution ranges from
40% to 70% of blood flow directed from the artery to the arteriovenous graft. To stay within
the optimal blood flow distribution the data in this study suggests a ratio of arterial diameter
to vein diameter between 1:2 and 2:3. The heat map in figure 4.3 shows this optimal range
being achieved by geometries with the following arterial diameter to vein diameters; 3 mm
to 6 mm, 4 mm to 8 mm, 5 mm to 10 mm, 5 mm to 8 mm, and 4 mm to 6 mm.
5.2 Wall Shear Stress
The wall shear stress showed an interesting dependance on angle of attachment to the artery.
By far the the lowest amount of surface area above 10 Pa was recorded at a 30◦ angle of
attachment, and the highest amount of surface area above 10 Pa of shear stress were recorded
at a 120◦ angle of attachment. However for all diameter pairs except 5mm to 8mm 60◦, 90◦,
120◦, and 150◦ angle of attachment all showed a similar amount of surface area above the 10
Pa threshold.
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Figure 5.1: A schematic of the stream lines in the AVG configuration with a 4mm diameter
artery, 8mm diameter vein, and 90◦ angle of attachment
5.3 Shear Rate
Shear rate within the blood has a a clear dependence on the angle of attachment to the
artery. A 30◦ anastomosis led the the lowest percent of blood below a shear rate of 2000 1/s.
The amount of blood above this threshold increased with increasing angle up to 120◦. 150◦
angle of attachment showed either a slightly lower amount of blood above the threshold or
the same amount of blood as the 120◦ angle of attachment.
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Figure 5.2: A schematic of the wall shear stress in the AVG configuration with a 4mm
diameter artery, 8mm diameter vein, and 90◦ angle of attachment
5.4 Recommendations
This study examined a simple model problem to explore how an arteriovenous graft could be
optimized. The model problem showed several clear trends that lend insight into improved
arteriovenous graft design.
Based upon the results of the study, the optimal configuration of an arteriovenous graft
should have a ratio of arterial diameter to venous diameter between 1:2 and 2:3 with a
preference towards arterial diameter 4mm or larger and a venous diameter larger than 6mm.
In addition the angle of attachment should be between 30◦s and 90◦s. This configuration
will result in a mass flow distribution between 40% and 70% while minimizing shear stresses
and shear rate.
5.5 Future Work
An important physical aspect of vasculature that was not in the scope of this study is the
deformability of vessel walls. Arterial walls are not rigid and vein walls are in fact relatively
flexible. The next step of this study would be to model the artery and vein as deformable
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Figure 5.3: A schematic of the blood shear rate in the AVG configuration with a 4mm
diameter artery, 8mm diameter vein, and 90◦ angle of attachment
bodies with proper biosolid properties and then utilize a fluid-structure integration package
to simulate the blood flow through non-rigid vessels.
Beyond the fluid simulation aspect of arteriovenous graft integrity it is incredibly impor-
tant to consider the materials science aspect of the problem. Research regarding the usage
of biomaterials for arteriovenous grafts shows strong evidence that well-chosen biomateri-
als can lead to significantly higher patency rates in arteriovenous grafts compared to the
current synthetic materials being used [8]. This factor, when combined with the structural
optimization in this thesis, may lead to further improvements in patient outcomes.
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Appendix A
Fourier Series
This section defines the Fourier series used to create the arterial inlet velocity function
f(t) = a0 + a1cos(tw) + b1sin(tw) + ...+ a8cos(8tw) + b8sin(8tw)
Table A.1: Fourier series coefficients for the arterial inlet velocity function
Coefficients value (with 95% confidence bounds)
a0 0.1626 (0.1607, 0.1645)
a1 -0.2171 (-0.2219, -0.2122)
b1 0.1255 (0.12, 0.131)
a2 0.0225 (0.01458, 0.03042)
b2 -0.1591 (-0.1604, -0.1577)
a3 0.06232 (0.05433, 0.07031)
b3 0.08745 (0.0831, 0.09179)
a4 -0.02844 (-0.02983, -0.02704)
b4 0.0121 (0.01074, 0.01346)
a5 -0.01337 (-0.02117, -0.005573)
b5 -0.05399 (-0.05741, -0.05057)
a6 0.01706 (0.00971, 0.0244)
b6 0.03315 (0.03125, 0.03505)
a7 -0.0101 (-0.01169, -0.008523)
b7 -0.002116 (-0.003801, -0.0004319)
a8 0.007929 (0.006185, 0.009673)
b8 -0.00475 (-0.007728, -0.001773)
w 7.577 (7.494, 7.66)
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